mammalian hippocampus, stimuli that induce long-term Developmental Regulation of Basal and Inducible zenk Expression in NCM potentiation also induce zenk, and this response is Adult male zebra finches and juvenile males reared unblocked by NMDA receptor antagonists (Cole et al., der normal conditions to 29 days of age (the period for 1989). Increased zenk expression has also been obsong model acquisition) were placed in acoustic isolaserved during periods of increased plasticity in the detion overnight and then exposed to playback of a zebra veloping mammalian cortex (Kaplan et al., 1995  finch song recorded at another aviary (n ϭ 4 adults and Wallace et al., 1995; Okuno and Miyashita, 1996) . 3 juveniles). For comparison to uninduced or "basal" Given the evidence that IEG expression is necessary expression, control birds were isolated overnight and for long-term memory storage, specifically engaged by sacrificed with no song stimulation (n ϭ 2 adults and 4 song stimuli in the adult, and regulated as a consejuveniles). RNA expression patterns were then analyzed quence of song listening experience, it seems likely that via in situ hybridization using both X-ray film autoradiog-IEG expression would play a role in the acquisition of raphy ( 35 S-labeled probes) and microscopic inspection song models in juvenile birds. Since song learning is of digoxigenin-labeled brain sections. The anatomical limited to a discrete critical period in juvenile developdistribution of zenk RNA was largely similar in the two ment in zebra finches, it also seems likely that IEG exage groups (unpublished data). As in previous studies, pression or regulation should differ somehow in the the region of highest zenk expression after song playbrains of juveniles compared to adults, associated with back was identified as NCM . the progression of song learning. To date, however, all
In NCM, zenk-positive cells were sparse in unstimulated descriptions of IEG responses in songbirds have been adult brains ( Figure 1A ) and much more numerous after based on studies of adult birds, and the relevance of song stimulation in both adults ( Figure 1C ) and juveniles these findings to mechanisms of song learning is un-( Figure 1D ). clear. Examination of IEG expression during the period In juveniles, zenk-positive cells were surprisingly nuof song learning could provide insight into the functional merous, even in unstimulated brains ( Figure 1B ). Eleorganization of the song system, the mechanisms that vated basal expression was observed in the juvenile in determine the boundaries of the critical period for song all of the brain regions that show zenk induction by song learning, and the significance of the IEG response itself.
in adults (unpublished data), including caudomedial porTo address these issues, we monitored the expression tions of the ventral hyperstriatum and the paleostriatum of zenk mRNA in juvenile zebra finches at different and other more rostral and lateral "patches" within the stages of song learning, raised under normal as well neostriatum . zenk-positive as isolated conditions associated with delay of song cells were scarce or absent in most non-song-responlearning. From our results, we derive a functional model sive areas, including the adjacent hippocampus and the of song system organization as it pertains to song learntelencephalic song control nuclei (HVC, RA, lMAN, and ing and the regulation of motor plasticity.
Area X), in both juveniles and adults (e.g., compare Figures 6A and 6B) . A small increase in juvenile expression Results was also observed in the medial portion of lobus paraolfactorius (LPO; see Figure 2B ), an area that shows a Our analysis focused on the two contexts in which songweak IEG response to song but an intense response to related behaviors have been shown to elicit changes in seizure in adults (Nastiuk et al., 1994; Clayton, zenk gene expression in adult birds: listening to song and 1995). active singing. We observed developmental changes in To determine how basal zenk expression changes zenk expression in both contexts. We begin here with across the critical period, birds of four ages were comconsideration of the changing patterns of zenk regulation pared: day 20 (d20; prior to or early in song acquisition), in NCM, the site of greatest response to song playbacks. d30 (during the acquisition phase), d40-45 (during the More detailed anatomical analyses of the experimental sensory-motor phase), and adults (Ͼd90, after song learning had ceased). zenk signals in NCM of these birds material described here will be presented elsewhere. Brain sections containing NCM, LPO, and hippocampus (as in Figure  1 ) from birds at ages indicated were hybridized using radiolabeled probes and quantified using X-ray film autoradiography and computer-controlled densitometry. Film densities were corrected by subtraction of nonspecific background and normalized so that the mean adult signal equaled 1.0. Each dot shows the mean of all measurements taken in one bird. all unstimulated adults to create a consistent normalized (A and B) Age at assay indicated, measured after song playback, scale. As shown in Figure 2A , the basal zenk levels in except 30d(t) where the stimulus was a pure tone.
NCM were higher in juveniles compared to adults (C) Birds were reared as indicated to an age of 30 days (except (grouped juveniles versus adults: U ϭ 0, p Ͻ 0.02, Manntriangle ϭ 40 days) and assayed after song playback; rearing condiWhitney U test). The highest signal was measured at tions were normal (N), clutch-isolation (CI), or solo isolation (SI).
d30, when zenk signal in NCM was more than twice that (D) Same as (C) except unstimulated (basal controls).
observed in adults and significantly greater than the signal measured at d20 (d20 versus d30: U ϭ 1, P ϭ 0.029). Differences between individual ages and adults two-to sixfold, which is similar to past studies (Figure did not quite reach statistical significance, perhaps due 3A). Induction was also observed at day 30, despite the to the small sample sizes. In medial LPO, little or no higher basal expression at this age ( Figure 3A ; U ϭ elevation versus adults was evident at d20 (U ϭ 2, P ϭ 0, P ϭ 0.028 versus controls). The fold-induction was 0.267) but was significant in grouped data from days 30 somewhat less in 30-day-old juveniles than in adults, and 40-45 versus adults (U ϭ 0, P ϭ 0.036).
due to the increased basal expression at this age (Figure Developmental changes in the magnitude of the zenk 3A). The absolute magnitude of expression reached at response to song were also quantified, again using dend30 was actually higher than in adults ( Figure 3B ). Neisitometric analysis of film autoradiography and comparther difference was statistically significant, however (for ing birds at day 20, day 30, and adulthood. In previous both, U ϭ 4, P ϭ 0.314). In juveniles as in adults, zenk studies, the magnitude of the response to song was induction was specific for songs, as tone stimulation expressed as a "fold-induction" relative to the amount caused no detectable response (U ϭ 4, P ϭ 0.6, versus of signal measured in unstimulated birds (Mello et al., unstimulated age-matched controls). 1992 (Mello et al., unstimulated age-matched controls). , 1995 Mello and Clayton, 1994) . This normalization
In sharp contrast to adults or 30-day-old birds, 20-procedure is confounded in the present case, since the day-old birds did not show a measureable zenk relevel of expression in unstimulated birds is itself changsponse to song playbacks. The fold-induction relative to ing (Figure 2) . We therefore present our data using two age-matched controls was ‫0.1ف‬ for all three stimulated different normalization methods: fold-induction ( Figure  birds ( Figure 3A ; U ϭ 4, P ϭ 0.314). Since 20-day-old 3A), to measure the dynamic range of zenk induction at birds were exposed to a different context during song each age, and relative signal intensity versus 30-daystimulation (a foster mother was present in the cage old unstimulated birds ( Figure 3B ), to allow comparison with each), we also performed a preliminary experiment of the absolute magnitudes reached at each age indein which a 30-day-old bird was tested under the same pendent of initial basal levels.
conditions. The 30-day-old bird showed a full zenk reAll four song-stimulated adults showed a significant increase relative to controls, ranging in magnitude from sponse to song, despite the presence of the female.
Development of zenk Response Depends on Early Rearing Conditions
The results described so far establish that birds first acquire the zenk response in NCM to song sometime between day 20 and day 30. The developmental emergence of the zenk response could depend on several factors, including a bird's chronological age, its social interactions with other birds, and/or its acoustic experience. To discriminate between some of these factors, we measured the zenk response in juvenile birds raised under one of two isolation paradigms. Birds reared under the clutch isolation paradigm were tested at day 30 for basal zenk expression (n ϭ 2) or song-induced expression (n ϭ 3). Birds reared under the more stringent either basal (n ϭ 3) or song-induced (n ϭ 3) expression.
song or pure tones (data from Figure 3 ). Data are normalized to
In general, the anatomical distribution of zenk in these matched controls for each group and shown as fold-induction.
brains was similar to that described above for birds expression was equivalent in magnitude to that seen in 30-day-old birds reared under normal conditions ( Figure  3D ). For the song-stimulated isolates, zenk levels in NCM simply as a consequence of seeing the tutor. The differwere measured and expressed as an induction ratio ence in magnitudes of response to tape versus tutor relative to the matched unstimulated controls raised unmay be explained by the different amounts of song stimder the same conditions ( Figure 3C ). The birds reared ulation obtained in the different paradigms: the live tuunder clutch isolation to day 30 showed a song-induced tors sang for a total of 140, 176, and 231 s each, whereas zenk increase of similar magnitude to birds reared to the tape-stimulated birds were presented with a total the same age under normal conditions. The birds reared of 450 s of song over 30 min. Consistent with this interunder solo isolation, however, showed no significant pretation, the amount of zenk induction showed an apincrease in zenk expression after song stimulation relaparently linear correlation to the amount of song heard tive to nonstimulated controls (U ϭ 2, P ϭ 0.2). These ( Figure 4B ). observations demonstrate that the normal emergence of the zenk response to song will be delayed or preDevelopmental Changes in zenk vented in birds reared under conditions of extreme soInduction by Singing cial and/or acoustic isolation.
For determination of anatomical patterns of zenk induction during song production, we analyzed 27 male zebra finches ranging in age from 35 days to adulthood. The
Comparison of the Effects of Taped Song and Live Tutoring
total amount of singing ranged from 0-821 s in a 30-40 min period, as counted later from tapes. Six of the indiZebra finches do not learn song from a tape recorder as effectively as from a live tutor (Ten Cate, 1991) . Thereviduals never sang and were used as controls to establish noninduced basal levels of expression. In general, fore, we decided to investigate the effect of exposing juveniles to a live tutor, to determine whether this more adult males produced less song than juvenile males, but there were some exceptions. At the end of the 30-40 salient and natural experience would cause a qualitatively different zenk response in the brain compared to min period, the birds were sacrificed and their brains processed for in situ hybridization histochemistry. playback of tape recordings. Five 30-day-old males were examined in this group. After isolation overnight, Consistent with the observations of Jarvis and Nottebohm (1997), zenk mRNA was clearly increased in song each was exposed to an adult male from a different aviary. In three cases, the tutor was observed to sing, nuclei in singing birds compared to nonsinging controls where no zenk-positive cells were found, and the and the juveniles were then collected for analysis 30 min after the onset of tutor song. In the two cases where amount of zenk mRNA signal was correlated with the amount of song produced. With one notable exception the tutor did not sing, the juveniles were collected as matched unstimulated controls. The patterns of zenk (below), the sites of the response were similar in adults (n ϭ 9) and juveniles (n ϭ 12, 35-45 days old) and were expression in the juveniles were then measured by in situ hybridization.
restricted to nuclei of the song control system. These sites included Area X (Figures 5A and 5D), HVC (Figure All three song-tutored birds showed some elevated level of zenk mRNA in NCM relative to the unstimulated 5E), the medial portion of MAN (mMAN), nucleus interfacialis of the neostriatum (NIf), and nucleus dorsalis medicontrols, but the amount of zenk was less in the tutored birds than in tape-stimulated birds ( Figure 4A ). The unalis in the midbrain (DM). In some cases, labeled cells were also seen in lMAN ( Figure 5F ) as well as nucleus stimulated controls showed a similar basal zenk signal in NCM as compared to other unstimulated birds of the uvaeformis (Uva) and the medial portion of the dorsolateral nucleus of the thalamus (DLM). In all of these areas, same age (data not shown), and so zenk was not induced the response was uniformly distributed within and coninduction of zenk mRNA in cells distributed evenly throughout the nucleus ( Figure 6D ). The response in fined to the nuclear boundaries. For example, labeling was strong inside HVC but dropped abruptly in the audiadult birds was different ( Figure 6C ): few cells in the anterior three-quarters of the nucleus were found to tory region immediately ventral to HVC ( Figure 5E ), referred to as the shelf (Kelley and Nottebohm, 1979; For- express the gene in any of the adults examined, regardless of the amount of song produced. Labeled cells tune and Margoliash, 1995; Vates et al., 1996) . A detailed were relatively abundant in the posterior quarter of the description of our anatomical data will be presented nucleus, although the density of intensely labeled cells elsewhere (unpublished data).
was lower here as well compared to juveniles (Figure The only exception to this uniform response was song 6C). No cytoarchitectonic boundary was visible in adjanucleus RA, where the response varied significantly with cent Nissl-stained sections (data not shown), but the the progression of song development. In nonsinging distribution of zenk-positive cells seemed to define two controls, no zenk-positive cells were detected in RA, compartments in RA in each of the adults, and the transieven though occasional labeled cells were found scattion between the two compartments was obvious on tered in the surrounding archistriatum (Figures 6A and every section, whether viewed by X-ray film autoradiog-6B). In most juvenile birds, singing caused a dramatic raphy (data not shown) or by digoxigenin labeling ( Figure  6E ). For convenience, we shall refer to these two compartments as RAa (anterior region of reduced zenk response in adults) and RAp (posterior region of greater zenk response). We saw no evidence for any difference in the distribution of cells in the dorsal-ventral dimension or between sections taken at different points along the medial-lateral axis.
Among the 12 juvenile birds tested, there was a range in the progression of song development, and the juveniles could be divided into two groups: those that produced only very immature vocalizations or "subsong" (trains of sound that were soft, tentative, and with no obvious regular structure) and those that produced "plastic" song (trains of sound that had more sharplydefined, adult-like elements). To determine whether there was an association between the stage of song development and the amount of zenk response in RA, we first used X-ray film autoradiography as in Figures  2-4 , measuring average fold-induction across all of RA. 
7C and 7D).
Discussion each area is plotted against the total amount of song the bird produced ( Figures 7A and 7B) . As a conservative measure of the compartmental and developmental difWe predicted that zenk gene activity should increase somewhere in the songbird brain associated with the ferences in zenk expression, all cells that gave a detectable hybridization signal were counted. critical period for song learning. To assess this, we used in situ hybridization to localize and quantitate the mRNA In RAa of adults, significant numbers of zenk-labeled cells were only detected in birds that produced ‫051ف‬ s under three different behavioral conditions: basal (quiescent), listening to song, and singing. Our prediction or more of song in the 30 min prior to sacrifice, and no more than 25% of the cells were detectably labeled in was borne out in a number of novel respects as we discuss here and summarize in Figure 8 . any adult ( Figure 7A ). Among the juveniles producing subsong, an equivalent cell fraction was labeled in one bird that produced only 48 s of song, and almost 60% Elevated Basal Expression in NCM during Song Model Acquisition of the cells were labeled in a bird that sang for ‫051ف‬ s. Similarly high proportions of labeled cells were observed In adults, basal zenk expression is very low in NCM , a result replicated here. Relain birds producing plastic song, although the slope of the increase relative to the amount of song produced tive to this, zenk mRNA was significantly elevated in NCM in juvenile birds at 20, 30, and 40 days (Figure 2 ). was somewhat less than in birds producing subsong. In contrast to this age-or experience-dependent change At 30 days, basal expression in NCM was as high as in some song-stimulated adults, and this increase was due in the response in RAa, the response in RAp appeared similar in all three groups of birds ( Figure 7B ), although to an increase in the number of zenk-expressing cells. Since all birds had been in solo isolation for 24 hr prior the slope of the response seemed slightly less in adults and juveniles in plastic song compared to juveniles in to sacrifice, and zenk mRNA induction has not been seen to last more than 1-2 hr , subsong. (Indeed, labeling in both RAa and RAp actually seemed to be decreasing in adults as they began prothese variations are probably not a simple consequence of differences in recent auditory activity, nor are they ducing more than ‫002ف‬ s of song). By comparison, little likely a consequence of the bird hearing his own song, Birds reared in solo isolation will fail to develop a normal, stable song, although they may do so at a later since (1) all birds were collected between 12:00 and 3:00 in the afternoon, when singing activity is low; (2) we did time when exposed to an appropriate tutor (Slater et al., 1993) . Here, we found that solo isolation also delayed not observe much singing activity for the d30 birds; (3) the d40-45 birds sang more extensively than the d30 the emergence of the zenk response to song playbacks. Surprisingly, clutch isolation did not have any detectable birds, yet their basal zenk expression in NCM was somewhat lower; and (4) birds at d20 also had a relatively effect on the developmental emergence of the zenk response. In both cases, the birds were deprived of expohigh level of zenk expression in NCM but are not yet old enough to produce their own song. Elevated basal sure to adult tutor songs, but the clutch-reared birds were allowed potentially rich interactions with siblings expression could arise from several different extrinsic mechanisms, including increased spontaneous excit-(e.g., Volman and Khanna, 1995; Jones et al., 1996) as well as mother. In contrast, the entire social universe of atory activity (Worley et al., 1991) , influence of modulatory inputs (Stripling et al., 1997), or endocrinological each bird reared in solo isolation was limited to one other bird, its mother. These observations indicate that factors. Elevated basal zenk expression could also arise intrinsically from cell-autonomous changes in the activearly social experience is critical for maturation of the neural processes that determine zenk responsiveness. ity of intracellular signal transduction enzymes, availability or balance of transcriptional regulators that bind to Social experience at later ages has also been shown to be critical in zebra finches for eventual song crystallizathe zenk promoter, accessibility of the zenk promoter to these regulators, changes in posttranscriptional protion (Jones et al., 1996) . It will be interesting to determine how long NCM's zenk response may be postponed by cessing of the mRNA, or some combination of all of these.
solo isolation, and whether (and how quickly) it can be activated by tutoring after an initial period of isolation. Zebra finches are thought to begin learning song models around day 20 (although this has never been directly
We also tested for a difference in the zenk response to songs produced by a live tutor, as opposed to tape tested) and are capable of forming functional sensory memories by days 28-35, as inferred from the effects recordings. Behavioral studies suggest that juvenile zebra finches will not copy songs they have heard only of subsequent social isolation (Bö hner, 1990; Morrison and Nottebohm, 1993) . They may continue to overwrite passively from a tape recorder (Ten Cate, 1991; Adret, 1993) . We could detect no consistent difference, howearly memories based on later tutoring experiences, however, up to ‫56ف‬ days (Slater et al., 1991; ever, in the pattern of zenk induction in 30-day-old males after tutor versus tape stimulation. Based on electroal., 1996) . This correlates well with our observation that basal zenk expression seemed to increase from day 20 physiological evidence, we have suggested that NCM functions as a general processor for complex auditory to day 30 and then seemed to decrease somewhat to day 45 but was still elevated then as compared to adults.
information (Stripling et al., 1997) , and it may be that NCM's function is similar whether the bird hears a song In mammals, elevated basal expression also correlates with the critical period for plasticity in the developing from a tape or a tutor. If this is true, then there must be other factors that contribute to the eventual choice of visual cortex (Kaplan et al., 1995 . We speculate that increased basal expression of zenk could alter the song model to be copied-for example, whether or not a specific song memory is associated with appropriate efficiency of synaptic modification and consolidation in a constitutive manner (through regulation of various nonauditory memories, such as the visual presence of the tutor. target genes) and thus define a critical period for developmental plasticity in a neural circuit.
Singing Induces Gene Expression Emergence of the zenk Response to Song Depends in the Anterior Pathway upon Both Age and Experience
Initial studies of the IEG response in songbirds sugIn the present study, we found that juveniles at day gested that it might be systematically repressed or un-20 did not yet show any zenk responsiveness to song coupled in the song nuclei (Nastiuk et al., 1994 ; Mello playback, but the response emerged by day 30 under and Clayton, 1995) . Now, two recent reports have demnormal conditions. At day 20, birds are just reaching the onstrated that song nuclei can indeed mount an IEG age of fledging from the parental nest, and no evidence response and do so when the bird sings. Jarvis and yet exists as to whether they have begun to form stable Nottebohm (1997) presented data on zenk mRNA inducmemories of the songs of other birds. By day 30, males tion in singing canaries. Kimpo and Doupe (1997) found are actively involved in song memorization, and tutoring c-fos induction at the protein level in HVC and RA in to days 28-35 is sufficient to establish memories that singing zebra finches. In our study here, we also meacan be used for subsequent song development (Bö hner, sured zenk activation during singing, in both adult and 1990; Morrison and Nottebohm, 1993) . This raises the juvenile zebra finches. Our results complement but also intriguing possibility that onset of the zenk response in differ from these previous studies in ways that deserve NCM could be related to an early step in song memorizacareful consideration. tion. Such a relationship could be direct (i.e., the zenk The most striking difference among the three studies response itself must be activated before long-term concerns the response measured in Area X, a nucleus memories of songs can be preserved) or it could be of the anterior forebrain pathway of the song control indirect (i.e., zenk activation reflects the emergence of circuit. The greatest magnitude of zenk induction was other neural/perceptual activities that are necessary for song discrimination and memorization).
observed in Area X, both in our study and in Jarvis and Nottebohm (1997) . Yet, in the study of c-fos, no elevation development, so that the greatest zenk activation occurred in birds with the least mature songs. There was of that IEG protein was found in Area X 50 min after onset of singing (Kimpo and Doupe, 1997). Different no significant effect of developmental status, however, on singing-induced zenk expression in the posterior porIEGs can show different response sensitivities in the same brain region and even in the same cell (Bartel et tion of RA nor in HVC.
In each adult animal examined, the boundary between al. , 1989; Bading et al., 1993; Kosofsky et al., 1995; Zhang et al., 1995; Kaminska et al., 1996; zenk-defined RAa and RAp was obvious, because the distribution of labeled cells was quite even on each side, 1996), and it seems possible that different functional consequences could arise from inducing different combut the density and intensity of labeling was notably higher on the posterior side ( Figure 6C ). Yet, this distinct binations of IEGs at various sites in the song control circuit.
boundary did not conform to any architectonic structure visible in adjacent Nissl-stained sections. As far as we The robust activation of zenk in Area X in singing adult finches must be reconciled with prior evidence know, this aspect of RA's functional organization is unprecedented. No evidence has been put forward for a that neurons in Area X do not show changes in firing during singing (McCasland, 1987) . A resolution of this difference in physiological activity across the nucleus based on either electrical recording (McCasland, 1987 ; paradox may lie in the evidence that Area X is part of the avian homolog of the basal ganglia (Casto and Ball, Yu and Margoliash, 1996) or c-FOS induction (Kimpo and Doupe, 1997). RA's projection neurons maintain a 1994; Bottjer and Alexander, 1995; Metzger et al., 1996) . In mammals, the basal ganglia appear to be involved myotopic organization along the dorsoventral axis (Vicario, 1991), and afferents from lMAN also segregate in sensorimotor templates and trial-and-error learning (Graybiel, 1995; Jueptner et al., 1997) . Similar processes along this axis (Johnson et al., 1995) , but this is orthogonal to the anterior-posterior organization of the zenk are clearly involved in avian song learning (Marler and Sherman, 1983; Nelson and Marler, 1994) . The basal response. Enkephalin immunoreactivity is distributed along a ventromedial-dorsolateral axis (Ball et al., 1995) ; ganglia appear to generate specific representations through shifts in the timing of tonic activity in populabut again, this seems to be different from the organization of zenk-expressing cells. Afferents from HVC enter tions of neurons (Graybiel, 1995) , which would not have been detected in past studies of Area X using multiunit RA from a caudodorsal angle but extend almost all the way to the opposite edge of the nucleus (Konishi and recording of gross activity (McCasland, 1987) . Thus, the activation of zenk expression within Area X may be asso- Akutagawa, 1985; Mooney and Rao, 1994; Fortune and Margoliash, 1995) , whereas afferents from the neostriaciated not with an elevation of firing rate but with a change in synchronization. If so, this would represent tum that carry auditory information toward or to RA terminate in the "cup" found to its rostral side (Kelley yet another apparent dissociation between simple metabolic activity and IEG induction (Stripling et al., 1997) .
and Mello and Clayton, 1994; Vates et al., 1996) . Afferents from lMAN make a lateral apBut why should zenk, a putative component of a mechanism for memory consolidation, be continually proach to RA (Mooney and Rao, 1994 ), but we are unaware of any evidence describing how their terminals recruited during singing in adults who lack the ability to modify their song? In the next section, we discuss the are distributed along the rostrocaudal axis of RA. It seems likely that the distribution of zenk-responsive evidence that motor plasticity may become restricted in adult zebra finches at a site downstream of Area X. cells in RA reflects the organization of modulatory inputs, diffusible factors, or synaptic ensembles that have If so, the genomic activities of this nucleus in adult zebra finches may have no outlet for expression as a behavyet to be characterized. If zenk expression can be taken as an indicator of ioral consequence. This possibility is already suggested, in fact, by the lack of effects of adult Area X lesion functional plasticity in a neuron, then our evidence would suggest that plasticity in the song circuit of adult zebra (Sohrabji et al., 1990; Scharff and Nottebohm, 1991) .
finches may be constrained specifically in RAa. Could RAa be the key node at which motor plasticity is effec-RA Compartments and the Critical Node tively switched on and off in the song system? Interestfor Regulation of Motor Learning ingly, Jarvis and Nottebohm (1997) reported high zenk The plasticity of song performance decreases greatly induction in RA of adult canaries during singing, seemas a zebra finch grows to adulthood, and our developingly throughout the entire nucleus, which is unlike the mental analysis here identifies a specific site in the song situation we describe in adult zebra finches. Canaries circuit where zenk responsiveness undergoes a similar retain significant motor plasticity in adulthood (Nottedecline. Jarvis and Nottebohm (1997) also performed a bohm et al., 1986) , supporting the general hypothesis developmental analysis of zenk responsiveness, but advanced here that induction of the zenk response in they only examined HVC and Area X and saw no differRAa is at least necessary for plasticity of song perforences. We, too, observed no change in HVC and only mance. a suggestive developmental effect in Area X, but we discovered a striking developmental change within RA. Singing triggered zenk expression uniformly throughout Toward a Functional Understanding of the Song System RA in juvenile birds, but in adults, induction was largely limited to the posterior quarter of the nucleus. The By looking through the window of gene regulation, we have confirmed the physiological activation of the antethreshold and/or robustness of the response in anterior RA was inversely correlated with the progress of song rior song control pathway during singing, in both juvenile molecular biology, neural circuit design, and animal be-
The total amount of song produced by each bird was counted from havior.
the tape afterwards. Birds that did not sing during the testing period (n ϭ 3 juveniles and 3 adults) were used as controls for basal expression in the calculations of fold-induction ( Figures 7C and 7D ).
Experimental Procedures

Animals and Rearing Conditions
In Situ Hybridization and Image Analysis All procedures involving animals were conducted under the approval For radioisotopic detection, unfixed brains were immediately frozen of the Institutional Laboratory Animal Care Committee. Fifteen adult in OCT compound, and serial parasagittal sections (10 m) were male zebra finches, obtained from a commercial zebra finch supplier taken from the midline to ‫5.3ف‬ mm from each bird. 35 S-labeled (Magnolia Bird Farms, Pasadena, CA), and 47 juvenile male zebra riboprobes were prepared and hybridized to sections at 200-300 finches, bred at the Beckman Institute animal center under a 14/10 m intervals, according to the protocol of Clayton et al. (1988) . hr light/dark cycle, were used in this study. For experiments to Dehydrated sections were then exposed to X-ray film for 3-6 weeks. assess basal zenk expression and activation during singing, juveAfter film exposure, the sections were counterstained with cresyl niles were raised by normal breeding pairs. For experiments to asviolet and inspected microscopically. For each experiment, all secsess zenk activation during listening, juveniles were raised under tions to be compared were processed in parallel. three conditions. The first was the control condition, in which nestFor digoxigenin hybridization, riboprobes were synthesized and lings were raised by their parents, who were maintained in eight labeled by incorporation of digoxigenin-UTP according to the manucages (one pair per cage) in a single room. The second was the facturer's instructions (Boehringer Mannheim). The hybridization clutch isolation condition, in which each nestling was raised in a protocol was the same as for radiolabeled probes, except that ribocage with its siblings by its mother alone, in a room containing eight probes were added to the hybridization solution at a concentration breeding cages. Adult male breeders were removed from the room of 50-200 ng/16 l, and ␤-mercaptoethanol was omitted from the when the first nestling reached 7 days of age, and at day 29, the wash. After wash, sections were blocked in a humidified chamber nestling was placed alone in a soundproof chamber overnight and overnight at room temperature in 1% blocking reagent (Boehringer assayed for zenk expression the next day (d30). The third was the Mannheim) in buffer A (100 mM Tris [pH 7.5], 150 mM NaCl, and solo isolation condition, in which an individual juvenile and its mother 0.05% Triton X-100). The next day, slides were washed three times (or foster mother), ‫3ف‬ days after hatching, were placed in an acoustic for 3 min in buffer A. The antibody solution contained 1% blocking isolation chamber, where they were maintained until the juvenile reagent, 0.03% Triton X-100, and a 1:500 dilution of alkaline phosreached 28 days of age, at which time the mother was removed.
phatase conjugated anti-DIG antibody (Boehringer) in buffer A. AntiThe juvenile was then kept in the chamber alone until the day of body solution (100 l) was added to each section and incubated the experiment. Four birds were tested at day 30, and two were for 3 hr at room temperature. Slides were then washed four times tested at day 40.
for 5 min in buffer A, followed by washing in buffer B (100 mM Tris [pH 9.5], 100 mM NaCl, and 50 mM MgCl 2) for 10 min. Color detection buffer (100 l; Boehringer Mannheim; with addition of 240 g/ml Behavioral Procedures Song Playback levamisole) was then added to each section, and color development was allowed for 6-8 hr. Color reaction was stopped by rinsing slides The song presentation was done under conditions similar to those described by Mello et al. (1992) . Briefly, after being isolated in an in 10 mM Tris (pH 7.5) and 1 mM EDTA. Sections were air dried and covered with mounting medium. For DIG-labeled sections, strucacoustic chamber under a 14/10 hr light/dark cycle for 24 hr, each bird was exposed to a 30 min tape-recorded song played through tures were identified by reference to Nissl-stained adjacent sections. Identification was also helped by examining the labeled sections a speaker placed in a corner of the chamber, adjusted so that the sound volume measured at the center of the cage was ‫07ف‬ dB. The under dark-field illumination, where landmark fiber tracts were clearly revealed. duration of each song stimulation was 15 s followed by 45 s of silence, and this was repeated for 30 min. Thus, a bird would hear For quantitative analysis of zenk expression, X-ray film images were digitized and analyzed using the Macintosh-based NIH Image a total of 450 s of song during this period. The tone stimulus consisted of repeats of tone bursts as described (Mello et al., 1992) .
program. Before measurements, a calibrated curve was established by scanning in a Kodak step tablet under identical scanner settings. Auditory stimulation of 20-day-old male zebra finches was done following the same procedure, with one exception: since a zebra All measurements were done within a linear range of the curve. For NCM, two adjacent parasagittal sections from each bird taken finch juvenile at d20 cannot feed itself, an adult female (usually the juvenile's mother) was present in the isolation chamber throughout 150-250 m from the midline were analyzed. The NCM area was traced using the ventricles as dorsal, caudal, and ventral boundaries the experiment. Control birds for measurement of basal expression were treated in the same way as the experimental ones, but without and the lamina hypertriatalis (LH) as the rostrodorsal boundary . The area of low hybridization signal corresong stimulation. Live Tutoring sponding to field L2 was excluded from the measurements whenever it was present in the section. Each optical density value was corEach juvenile (29 days old) was first placed inside a sound-proof chamber in a cage divided into two halves by a metal fence and rected by subtraction of the nonspecific background, defined as signal over adjacent glass slide. Possible variations in tissue backisolated for 24 hr. An adult tutor from a separate aviary was then introduced into the other half of the cage. The tutor session was ground, probe efficiency, and section thickness were further controlled by dividing by the value obtained from the hippocampal and monitored through a tape recorder, and the juvenile's brain was parahippocampal areas in the same section. The zenk level does
